Abstract-This paper investigates performances of Modified
I. INTRODUCTION
Nonlinear-load operations which are commonly found in power electronic converters produce current harmonics that are injected into the electrical supply network. This power quality problem may arise especially in smart grid systems due to involvement of multiple energy sources and system, including PV grid-connected system [1] . A powerful tool known as shunt active power filter (SAPF) is used to mitigate current harmonics with better advantage over passive filter as it can compensate multiple number of harmonic orders simultaneously. In recent years, integration of renewable energy source such as PV with SAPF is one of possibly explored current research works. The integration gives two main advantages by having alternative energy source rather than dependable on the energy source from the supply grid, and current harmonics mitigation which maintains the total harmonics distortion (THD) in the grid with below 5% [1] . High irradiance level will generate high PV source power which later leads to low power consumption of the grid.
Harmonics extraction algorithm is the most important control strategy for current harmonics mitigation. The SAPF is capable to compensate current harmonics optimally by having a very good harmonics extraction algorithm that can extract current harmonics accurately to further produce the reference current (injection current) and also with fast responsive action. There are many ways to extract current harmonics such as synchronous reference frame (SRF) [2] , instantaneous reactive power theory [3] , d-q reference frame axis with Fourier (DQF) [4] , artificial neural network (ANN) [5] , and others. The latest trend of harmonics extraction algorithms is by using the ANN because of its ability to perform accurately, fast and very stable [6] . ANN will accurately extract the fundamental component including both magnitude and phase angle for current harmonics mitigation [7] .
There are some works on ANN techniques used for purpose of harmonics extraction algorithm such as Adaptive Linear Neuron (ADALINE), Back-propagation, and Perceptron [8] . Among them, ADALINE is more preferable as compared to others because it only focuses on single linear approach and its simplicity features contribute to a better harmonics extraction. ADALINE is continuously learning in its operation and this gives significant advantage in term of accuracy of the algorithm. There are multiple research works have been carried out using this approach for current harmonics extraction, which is called Widrow-Hoff (W-H) ADALINE algorithm. This algorithm functions with a single linear neuron model method based on the concept of Fourier series. However, the drawback of this particular ADALINE algorithm is that it needs to learn multiple harmonic orders which will affect convergence speed of the harmonics extraction algorithm [7] . By focusing only to extraction of the fundamental component, an improved version of this ADALINE algorithm has been produced, which is called Modified W-H ADALINE [5, 9] .
In SAPF, two major factors to determine its performances are total harmonic distortion (THD) and response time of the algorithm. Past research works show that by using Modified W-H ADALINE method, SAPF successfully performs with THD to be below than 5% which obeys the IEEE Standards 519 and good harmonics extraction in around 40-ms convergence speed, which is about two cycles of 50 Hz [5, 9] . However, these performance indicators refer to SAPF functionality only. The integration of PV with SAPF, with additional PV current, may cause difficulty for the harmonics extraction algorithm to ensure accurate and fast response time of the injection current for mitigating current harmonics in electrical power systems.
Therefore, this paper investigates performance of Modified Widrow-Hoff ADALINE algorithm due to effect of PV integrated with SAPF. The evaluation was carried out in both steady-state and dynamic operations. Various levels of irradiance with low, medium and high are covered with two nonlinear loads (inductive and capacitive). Further explanation on the proposed PV based SAPF, Modified Widrow-Hoff ADALINE algorithm, simulation results, and conclusion are as in sections II, III, IV, V and VI respectively.
II. SINGLE-PHASE PHOTOVOLTAIC BASED SHUNT ACTIVE POWER FILTER
In this work, PV based SAPF is developed as shown in Fig.  1 . The PV module used in this research work is monocrystalline silicon (SHARP NT-180U1). Table I shows the characteristics of this PV module. Six numbers of PV modules connected in series to produce a PV array which later on to be connected to a DC/DC boost converter for the purpose of stepping up the PV voltage. DC/DC boost converter is also used as a medium for the maximum power point tracking (MPPT) algorithm to work. MPPT function is to track the maximum power generate from the PV array according to the irradiance level. Meanwhile, a normal SAPF consist of Hbridge inverter and DC link capacitor. By combining PV array, DC/DC boost converter and SAPF, a complete PV based SAPF is produced. The control strategies used in PV based SAPF, as shown in Fig. 2 , are MPPT, harmonics extraction, voltage control, synchronizer, and current control algorithms. The MPPT algorithm used in this research work is the established adaptive perturb and observe (P&O)-fuzzy because of its ability to track the maximum power point well [10] . Linear current control algorithm is used to control steady state error of the injection current and also to generate pulse width modulation signal (PWM) signal [5, 9] . For the synchronization algorithm, an established ANN method of synchronization called unified ADALINEs based fundamental voltage extraction algorithm is used [11] . The purpose of synchronization algorithm is to synchronize the phase of injection current with the operating power system. The current harmonics are generated from rectifier based circuit, connected with the grid [5, 9] .
In a nonlinear-load operation, its contain the load current IL, which comprises a fundamental component I 1 and harmonic component I H , both components present within the grid source current I S , which later on polluting the power system. An injection current I inj is generated after the SAPF is connected to the grid. The injection current I inj is used to mitigate harmonic current generated by the the nonlinear load, as shown below: Injection current I inj is reversal of the harmonic component I H . As mentioned in section I, PV source will provide additional PV current I PV , fed with the injection current I inj to the grid, which minimizes the dependency of grid source current I S . I PV is added to equation (1) , to become as:
The performance of PV based SAPF is determined by the capability of the harmonics extraction algorithm to produce accurate injection current I inj .
III. MODIFIED WIDROW-HOFF ADALINE ALGORITHM
In ADALINE, it uses the sine and cosine components (periodic signal) according to the concept of estimating harmonic components in the electrical system. Fundamental component and harmonic components are formed by the nonlinear load current I L for each sample k and sampling period t s in digital approach with assigned fundamental frequency ω [5, 9] . The nonlinear load current can be shown as below:
where W an is amplitude of the sine component, W bn is amplitude of the cosine component and n is order of the harmonic to N maximum order. The equation (3) can be restructured to vector form as follow: [5, 9] . Instead of using using n number of harmonic components in normal W-H ADALINE, only the first order of the harmonic component is used in Modified W-H ADALINE as shown in Fig. 3 . The long response time due to updating number of weights n inherent in the basic W-H ADALINE algorithm is mitigated with this change [5] . However, learning rate α must be included, as in equation (5), due to the algorithm only update two weights, resulting in large average square error e [5] .
is the weight;
is the fundamental of sine and cosine;
e(k) is the average square error; α is the learning rate.
The harmonic current I H (k) is produced from load-current deduction as below [5] : PV based SAPF with its controller was designed and developed using the MATLAB/Simulink. The sampling time was set to 6.67µs; meanwhile, the switching frequency was set to 25 kHz. The source voltage was set around 230V rms with DC link voltage of 400V dc . The other components inside PV SAPF are DC link capacitor which is 4700 uF, DC boost inductor which is 400 uH, and filtering inductor which is 5 mH. Two nonlinear loads were developed connected together with a H-bridge rectifier, which are 470 µF capacitor and 50 Ω resistor (capacitive) connected in parallel as the first one, and meanwhile for the second one, 160 mH inductor and 15 Ω resistor (inductive) are connected in series. Dynamic operation tests were performed to evaluate performance of the harmonics extraction algorithm. Dynamic operations are referred to off to on configuration between PV and SAPF, and change of irradiance level from low to high. The irradiances of the PV were set to 300 W/m The duty cycle for DC/DC boost converter was set to 0.46.The learning rate α for the Modified W-H ADALINE algorithm was set to 0.002. Fig. 4 shows off-on between PV and SAPF using capacitive and inductive loads and Fig. 5 shows change of irradiance from low to high. Table II provides detailed THD values for capacitive and inductive loads. For inductive load, its THD is about 40.28%, and meanwhile, for capacitive load, the THD is about 106.31%. Additional analyses by integrating PV with SAPF are the power consumption required from the grid with adding of PV current, and effect towards THD. These analyses are crucial as to determine the effect of integrating PV with SAPF in which the harmonics extraction algorithm should give the best output waveform (source current) and the lowest THD values during injection with PV current to the grid.
When PV is operated and connected to SAPF, effect of the PV current is it will reduce the source current to maintain demand of the load current. This source power reduction will result of an increasing small value of THD. From this situation, the harmonics extraction algorithm becomes a main factor to maintain THD value to be below 5%. DC link capacitor voltage is sustained by extracting the current from the main supply to control the charging and discharging of the capacitor itself. From all data in simulation results, the Modified Widrow-Hoff ADALINE algorithm performs with low THD values, fast response times (40 ms) and reduced source powers for both nonlinear loads, with various levels of irradiance. It can be observed that Modified Widrow-Hoff ADALINE algorithm works well as the harmonics extraction algorithm for the purpose of PV based SAPF functionality.
V. CONCLUSION
This paper has investigated performances of Modified Widrow-Hoff ADALINE algorithm for PV based SAPF functionality. The analyses have covered two dynamic operations which contribute to comprehensive results and findings. The simulation work has confirmed that Modified Widrow-Hoff ADALINE algorithm works well by integrating PV with SAPF. The Modified Widrow-Hoff ADALINE algorithm has successfully performed with low THD values, fast response times and reduced source power. capacitive load
